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POWER CONSUMPTION ESTIMATION 

Lipeng Cao 

5 BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates in general to integrated circuits and more specifically to power 
usage estimation for integrated circuits. 

" Description of the Related Art 

10 It may be desirable for some applications to have a real time estimate of power 

consumption of an integrated circuit or of a portion of an integrated circuit. Power consumption 
may be measured by measuring the amount of current being consumed. However such a method 
requires extra circuitry. Furthermore, it may not be possible to measure current consumption for 
a portion of an integrated circuit. 

15 What is desirable is a system to provide a real time estimate of power consumption for at 

least a portion of a circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention may be better understood, and its numerous objects, features, and 
advantages made apparent to those skilled in the art by referencing the accompanying drawings. 

20 Figure 1 sets forth one embodiment of a discrete time transfer function and table 

illustrating concepts of how a transfer function can be used for power consumption estimation of 
a circuit according to the present invention. 

Figure 2 represents a block diagram of one embodiment of a method of deriving a power 
transfer function which maps the input activity of a circuit to the power consumption of the 
25 circuit according to the present invention. 
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Figure 3 is a block diagram of one embodiment of operation 207 of Figure 2 showing 
equations utilized for obtaining coherences from the results of the power characterization tests 
according to the present invention. 

Figure 4 shows one embodiment of clustering averaged squared coherencies in two 
5 dimensional space according to the present invention. 

Figure 5 sets forth one embodiment of a block diagram of operation 21 1 of Figure 2 for 
deriving a power frequency response for each group of inputs according to the present invention. 

Figure 6 sets for one embodiment of equations according to the present invention. 

Figure 7 is a block diagram of a electronic system according to the present invention. 

10 The use of the same reference symbols in different drawings indicates identical items 

unless otherwise noted. 

DETAILED DESCRIPTION 

The following sets forth a detailed description of a mode for carrying out the invention. 
The description is intended to be illustrative of the invention and should not be taken to be 
15 limiting. 

An impulse response is the consequence of an event over time. A transfer function can 
be used to represent an impulse response. A power impulse response of an assertion (or other 
power consuming activity) of a signal at an input of a circuit represents the power consumed by a 
circuit over time due to the assertion of that signal. A power transfer function can be used to 
20 represent the power consumed over time by the assertion of the signal. 

Figure 1 sets forth a discrete time transfer function and table illustrating concepts of how 
a transfer function tan be used for power consumption estimation of a circuit. Equation 101 is 
an example of a discrete transfer function which maps activity of groups of one or more input 
(e.g. gl, g2) of a circuit (not shown) to the total power consumption (Y T ) of the circuit based 
25 upon the activity of those groups of inputs. In the embodiment shown, each group represents a 
group of inputs having similar power impulse response functions. Y g i(T) represents an 
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estimation of the component of the power consumption Y T (T) from the activity of group gl and 
Y g2 (T) represents an estimation of the component of the power consumption Y T from the activity 
of group g2. 

The power impulse response for the group gl inputs as represented by transfer function 
5 101, sets forth that 4 units of power are consumed in the time period (T) that an input of group 
gl is at a first state, and 2 units of power are consumed in the next time period (T+l) due to the 
input ,of group gl being at the first state in time period (T). For the inputs of group g2, three 
units of power are consumed at the time period (T) when an input of group g2 is at a first state 
and one unit of power is consumed two time periods later (T+2) due to the input of group g2 
10 input being at the first state at time period (T). 

Table 103 illustrates an example of how transfer function 101 can be used to provide an 
estimate of the power consumed by a circuit during time periods T1-T8. A "1" in row gl(T) or 
g2(T) represents that an input of that group (gl or g2) is at a first state during that time period. 
The numbers in the rows of Y g i(T) and Y g2 (T) represent the power consumption at a particular 
15 time period due to the inputs of its respective group. Y T (T) represents the total power consumed 
by a circuit at a particular time period. 

As illustrated by table 103, a gl input being at a first state at a time period causes four 
units of power to be consumed during that time period by the circuit and two units of power to be 
consumed in the next time period (T+l). For example, at time T4, six units of power are being 
20 consumed by the circuit due to the inputs of group gl (as shown in row Y g i(T)), four units due to 
a gl signal being at a first state at time T4 and two units from a group 1 input being at a first 
state at time T3 (as represented by the "1" in row gl(T)). 

For the embodiment of table 103, the inputs of gl have two states, a first state which 
causes the consumption of power by the circuit (indicated by a "1"), and a second state where no 
25 power is being consumed (as indicated by a "0"). In other embodiments, a circuit may consume 
power when the signal is at either state. In such embodiments, non zero numbers may^ appear in 
rows gl(T) and g2(T) to represent the second state. Also, transfer function 101 may include 
portions representing an impulse response from an input being in a second state. Furthermore, 
although not shown in table 103, more than one signal of a group may be at the power 
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consuming state during a time period. For those instances, the number in that row (e.g. gl(T) or 
g2(T)) would represent the number of signals of a group at that state. 

With other embodiments, the inputs gl and g2 as shown in table 103 may represent 
another power consuming activity such as a change in state of an input. Other embodiments may 
5 include a different number of input groups. 

As can be seen from Figure 1, a discrete time transfer function can be used to provide an 
indication of the power consumed by a circuit from the state (or other power consuming activity) 
of the inputs to the circuit. Accordingly, such a transfer function may be used to provide an 
estimate of power usage of the circuit in real time based on the state of the inputs. A 

10 Figure 2 represents a block diagram of one embodiment of a method of deriving a power 

transfer function which maps the input activity of a circuit to the power consumption of the 
circuit. In one embodiment, the power transfer function derived in method 201 is derived from 
the results of tests run on a simulated circuit. However, in other embodiments, a power transfer 
function may be derived from measurements of an actual circuit (not shown). 

15 With the method of Figure 2, each input is placed into a group of inputs so as to simplify 

the derived power transfer function. The inputs are grouped based on a commonality of power 
consumption of the circuit responsive to signals applied to the inputs. 

In 203, a first circuit block (not shown) of an integrated circuit is selected for deriving a 
power transfer function. In 205, at least one power characterization test is run where signals are 

20 applied to the inputs of the circuit block to perform functions of the circuit block. In some 

embodiments, the signals applied are signals for performing normal or expected operations of the 
circuit block. During the tests, the power consumption of the circuit block is recorded over time 
to produce a power consumption log which shows the power consumed as a function of time. In 
one embodiment wherein the transfer function is being derived from a circuit simulation, the 

25 circuit block is simulated in VERILOG and the power consumption log is obtained from a gate 
level power analysis methodology. 

In one embodiment, the power consumption log is a cycle by cycle power consumption 
profile of the circuit during the simulated tests. This profile, in one embodiment, is obtained 
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from a combination of profiles of the gate/macro external power consumption and profiles of 
gate/macro internal power consumption. In one embodiment, profiles of the gate/macro external 
power consumption are derived from the switching activities of the nets that are connected to 
inputs and outputs of a simulated circuit during the tests and their associated net capacitances. In 
5 one embodiment, the profiles of the gate/macro internal power consumption are derived from the 
inputs and output of a simulated circuit using appropriate power models. In one embodiment, 
such power models are set forth in US patent application entitled "Modeling Behavior of an 
Electrical Circuit," having Lipeng Cao as inventor, having a common assignee, having a filing 
date of November 20, 2001, an application number 09/989,325, and a publication number of US 
10 2003/0097348 Al, all of which is hereby incorporated by reference in its entirety. The inputs of 
the power model are derived from switching activities of the nets of the tests and the associated 
net capacitances of the inputs and outputs of the simulated circuits. In one embodiment, the 
models provide representations of both dynamic power consumption and leakage power 
consumption. 

15 In 207, for each power characterization test, an average squared coherency between each 

input of the circuit and the power consumed by the circuit as indicated by the power 
consumption log is derived mathematically from the Fourier transforms of the signals applied to 
the inputs over time during the test and the Fourier transform of the power consumption as 
indicated by the power consumption log. 

20 In 209, the inputs having a commonality of power consumption are grouped into groups. 

In one embodiment of 209, the inputs are grouped by clustering the average squared coherencies. 
In one embodiment, the average squared coherency for each input from each test is clustered in 
multi dimensional space having a dimension for each test run. In one embodiment, commonality 
of power consumption of the circuits for the inputs is determined by the proximity of the 

25 averaged squared coherencies in the multidimensional space. 

Figure 4 shows one example of clustering averaged squared coherencies in two 
dimensional space 401. Two dimensional space 401 is utilized for clustering the average 
squared coherency for data from two power characterization tests. The average squared 
coherencies shown in Figure 4 are derived from two power characterization tests on a circuit (not 



-5- 



SC12795TS 



shown) having inputs A, B, C, D, E, and F. G A i, C B i, Cci, C D i, C E i, and Cfi (as shown on the 
Y axis) represent the average squared coherencies with respect to power consumption derived for 
inputs A, B, C, D, E, and F for a first power characterization test and C A2 , C B 2, Cci, C D 2, C E 2, and 
Cp2 (as shown on the X axis) represent the average squared coherencies with respect to power 
5 derived for inputs A, B, C, D, E, and F for a second power characterization test. Cat, C B t, Cct, 
Cdt, Cet, and Cft represent the total averaged squared coherency of both test cases in 
multidimensional space 40 1. In the embodiment shown, the inputs are grouped for commonality 
by the proximity of the average squared coherencies to one another in the two dimensional space. 
Inputs A and B are grouped in group 1, inputs C and E are grouped in group 2, and inputs D and 
10 F are grouped together in group 3. Depending upon the proximity requirements for a group, 
Some groups may have only one input depending upon the proximity of its average squared 
coherency to the other average squared coherencies. 

Referring back to Figure 2, in 21 1, a frequency response function between the power 
consumed by the circuit and each group is derived. In 213, power impulse response functions for 

15 each group are derived from the frequency response functions derived in 211. In215,a power 
transfer function is mathematically derived from the impulse response functions derived in 213. 
This derived power transfer function includes a model for each group of inputs. Each model is 
derived from the impulse response function derived for each group of inputs. Each model 
includes a formula with adjustable coefficients of initial values. In 217, the coefficients are 

20 further adjusted using conventional non linear optimization techniques such as BFGS (Broyden, 
Flechter, Goldfarb, and Shannon), a quasi-Newton algorithm. 

Referring to Figure 6, equation 605 sets forth an example of a transfer function for a 
circuit having two groups of inputs (gl and g2). "B" in equation 605 represents a delay operator 
which has the effect of delaying the quantity for one time period. The designations a, b, c, and d 
25 in 605 are adjustable coefficients. The model for group gl in equation 605 is a first order discrete 
transfer function (a/(l+bB)) and the model for group g2 is a 0 order discrete transfer function 
(c+dB). Models of other orders of transfer functions in rational function polynomial formats 
may be used in other embodiments. The model used for each group is based on the impulse 
response function for each group derived in 213. In some embodiments, the impulse response 
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function is used to identify the type and number of parameters in the rational function. Non 
linear techniques may be used to evaluate the value of the parameters. 

Referring back to Figure 2, in 219, the derived power transfer function with the adjusted 
coefficients is validated. In one embodiment, the power transfer function is validated by 
5 comparing the results of a power consumption estimation from the power transfer function with 
the power consumption as measured in the power consumption logs. In another embodiment, the 
results of the power consumption estimation can be compared with laboratory test results 
obtained from an actual circuit. If the validation results are not satisfactory (e.g. %10 or less), in 
some embodiments, the inputs in 209 may be regrouped and operations 21 1 through 219 are 
10 repeated. In other embodiments, if the validation results are not satisfactory, the coefficients of 
the power transfer function may be readjusted in 217 and operation 219 is repeated. Still in other 
embodiments, new models may be utilized in 215 with operations 217 and 219 repeated. 

If the circuit block is part of a larger circuit, then in 221, validated transfer functions are 
obtained for other circuit blocks of the circuit utilizing operations 203-219 as shown in Figure 2. 

15 Figure 3 is a block diagram of one embodiment of operation 207 showing equations 

utilized for obtaining coherences from the results of the power characterization tests. In 303, a 
Fourier transform (equation 3 13) is made for each signal applied to an input for each test to 
convert that signal to the frequency domain. A Fourier transform (equation 315) is made of each 
power consumption log for each test to convert those logs into the frequency domain. In Figure 

20 3, X represents an input, and Y represents power. 

In 307, each Fourier transform of a signal applied to an input (obtained in 303) is used to 
derive an autoperiodgram (I xx (f)) (equation 317) for an input for each test. Also, the Fourier 
transform of each power consumption log of each test is used to derive an autoperiodgram 
(Iyy(f)) (equation 319) for the power consumed for each test. Additionally in 307, for each test, 
25 the Fourier transform of a signal applied to an input and the Fourier transform of the power 
consumption log are used to derive a cross periodgram (I xy (f)) for each input of the circuit (see 
equation 321). In 309, for each input of each test, a squared coherency (which is a function of 
frequency (f)), is derived using the results derived in 307 (see Equation 323). As shown in 309, 
each squared coherency is a value between 0 and 1 . In 3 1 1 , for each input of each test, the 
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squared coherency is averaged over all frequencies to obtain an average squared coherency of the 
input with respect to power. In other embodiments, the squared coherency is averaged over 
selected frequency bands. See Figure 4 showing the average squared coherencies for test 1 
located on axis Y and showing the averaged squared coherencies for test 2 on axis X. 

5 Figure 5 sets forth a block diagram of operation 211 for deriving a power frequency 

response function for each group of inputs. In 501 , the signals applied to each input of a group 
for all tests are combined to make one signal. This may be performed by attaching "end to end" 
the signals applied to an input from each test to make one combined signal. The combined 
signals of each input of a group are then averaged together to make a combined group signal. In 

10 502, the power logs for the tests are combined to make a combined power consumption log. The 
power consumption logs are attached "end to end" in the same order as the signals applied to the 
input. In 503, a Fourier transform of each combined group signal is derived (with an equation 
similar to equation 313), to convert each of the combined group signals to the frequency domain. 
Also, a Fourier transform for the combined power consumption log is also derived (see equation 

15 315) to convert the combined power consumption log to the frequency domain. 

In 505, for each group, an autoperiodgram of each combined group signal is derived from 
the Fourier transform of the combined group signal (see equation 317). Also in 505, a 
crossperiodgram between each input group with respect to the other input groups is derived from 
the Fourier transforms of the combined group signals. Further in 505, for each group, a cross 
20 periodgram (see e.g. equation 323) between each group and power is derived from the Fourier 
transform of the combined power log and the Fourier transfer of a combined group signal. 

In 507, the frequency response function with respect to power for each input group is 
calculated by solving linear equations 601 of Figure 6. Hi(f) represents frequency response 
function for input group one with respect to power. H2(f) represents the frequency response 
25 function for the second input group. Referring to equation 601, I x ixi(f) represents the ' 

autoperiodgram for the first input group (derived in 505). I x ix2(0 is the cross periodgram 
between the first input group and the second input group (derived in 505). I x i y (f) is the 
crossperiodgram for input group 1 and power. 
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Referring back to Figure 2, as stated earlier, in 213, a power impulse response function 
for each input group is derived from the frequency response function for the input group using 
equation 603 wherein Vk represents the power impulse response function for each group. As 
stated earlier, each power input response function is then used to mathematically derive a portion 
5 of the transfer function for the circuit block in 2 1 5. 

Because in some embodiments, the inputs may be grouped according to a commonality of 
power consumption, the power transfer function derived may be less complex than a transfer 
function which would include a model for each signal Accordingly, grouping the inputs may 
allow for the power consumed to be estimated by a relatively "less complex" transfer function. 
10 However, in some embodiments, each signal may have its own model in a transfer function. 

In other embodiments, the averaged squared coherencies may be analyzed by other 
conventional methods to determined a commonality of power consumption of the circuit for the 
inputs. For example, in some embodiments, the power consumption logs and input signals may 
be placed back to back to obtain one long test, wherein a single average squared coherency is 
15 obtained for each input. The inputs are grouped based upon their proximately of the average 
squared coherency values. 

i 

The derived power transfer function may be utilized for power debugging a designed 
circuit. For example, a derived transfer function may be used to identify areas for detailed 
examination of power consumption, evaluate clock efficiency, identify fundamental modes of 
20 power consumption for specific circuits of an integrated circuit, and evaluate the power gain of 
net clusters through transfer function representations. Also the transfer functions may be used to 
perform large scale mixed mode power simulations. Such transfer functions may also be used 
for high level power planning and budgeting. 

The derived power transfer function may also be utilized to predict power consumption in 
25 real time. A transfer function may be implemented in an electronic system to provide an 

indication of the power being consumed by a circuit of the electronic system. Such an indication 
may be used to provide the electronic system with real time power estimations to enable the 
electronic system to perform power monitoring and/or power management functions. 
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Figure 7 is a block diagram of a electronic system according to the present invention. 
System 701 includes a first integrated circuit 703 and a second integrated circuit 705. As an 
example, electronic system 701 may be one of e.g. a computer system, a cellular phone, other 
type of wireless device, or other type of electronic system. 

5 Integrated circuit 703 includes circuits 709, 711, and 713 which perform various 

operations for system 701. In one embodiment, integrated circuit 703 is a microcontroller where 
circuit 709 is a memory, circuit 711 is a processor core, and circuit 713 is a bus controller. 
Integrated circuit 703 also includes a power monitor circuit (715, 717, and 719) associated with 
each circuit (709, 711, and 713). Power monitor circuits 715, 717, and 719 implement a power 
10 transfer function for its associated circuit. In one example, the power transfer functions are 
derived by a method similar to the method set forth in Figure 2. 

Each power monitor circuit has inputs coupled to the inputs of its associated circuit. 
Each power monitor circuit has at least one output for providing an indication of an estimate of 
the power being consumed by its associated circuit based upon the signals being applied to the 
15 inputs of its associated circuit. In one embodiment, the indication is in digital form. In other 
embodiments, the indication may be in analog form. 

In Figure 7, the outputs of each power monitor circuit (715, 717, and 719) provides an 
indication of the power consumed by a circuit block for which a power transfer function was 
derived by a method similar to that shown in Figure 2. In other embodiments, the output of each 

20 power monitor circuit (715, 717 and 719) provides an indication of the power consumed by a 
multiple circuit blocks, each of which a power transfer function was derived by a method shown 
in Figure 2. In such embodiments, the transfer functions from each circuit block are combined 
such that the outputs of the power monitoring circuits are indicative of the power consumed by 
all of the circuit blocks of the associated circuit. In one embodiment, the transfer functions are 

25 implemented in the power monitor circuit with an analog filter circuit such as e.g. a switched 
capacitor circuit. 

In another embodiment, the transfer functions are implemented in the power monitor 
circuits with digital filters. 
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As shown in Figure 7 each power monitor circuit can either be coupled to provide an 
indication of power consumption estimation to an on chip controller 707 or coupled to provide 
the indication to an off chip controller 706. In some embodiments, on chip controller (707) may 
combine information from the various power monitor circuits and provide that information to an 
5 off chip controller. 

Either of these controllers (707, 706) may utilize the power consumption information to 
control the operation of the components of system 701 to manage the power consumption of 
electronic system 70 1. In one embodiment, system 701 is managed such that it consumes only a 
limited amount of power at any one time. In such a system, certain operations (e.g. accessing a 
10 hard drive, transmitting information, performing decoding operations) may be delayed until the 
power consumed by the circuits (as indicated by the outputs of power monitor circuits 715, 717 
and 7 19) is below a particular threshold. 

In other embodiments, the power consumption information may be used for load 
shedding to reduce power consumption during low power modes (e.g. during a low battery 
15 mode). Furthermore, the power consumption information may be used to provide a more 

accurate estimation of the amount of battery power remaining, in that actual power consumed 
can be monitored. 

Furthermore, because, the transfer functions use delay operators, the power monitoring 
circuits may be used to provide a forecast of power consumption. Such information may also be 
20 used for various power management techniques. 

n Because the power monitoring circuits 715, 717, and 719 implement transfer functions 
having models representing groups of inputs, the complexity of the power transfer function may 
be reduced, thereby reducing the complexity of a power monitor circuit whose outputs provide 
and indication of the power consumed. In other embodiments, the power monitor circuit may be 
25 located off chip from its associated circuit. 

In one aspect, the invention includes a method of deriving a power transfer function of a 
circuit. The method includes running at least one test on a circuit having a plurality of inputs to 
obtain information on power consumption of the circuit responsive to signals applied to the 
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plurality of inputs. The method also includes grouping the plurality of inputs into groups of at 
least one input based on a commonality of power consumption of the circuit for the plurality of 
inputs as determined from the information. The method further includes deriving a power 
transfer function for providing an estimate of power consumption of the circuit responsive to 
5 signals applied to the plurality of inputs of the circuit. The transfer function includes a portion 
for each group of the groups. 

In another aspect of the invention, an apparatus includes a circuit having a plurality of 
inputs and a power monitor circuit coupled to the plurality of inputs. The power monitor circuit 
implements a power transfer function. The power monitor circuit has at least one output for 
10 providing an indication representative of power consumed by the circuit based upon signals 
applied to the plurality of inputs. 

In another aspect, the invention includes a method of deriving a power transfer function 
of a circuit. The method includes running at least one test on a circuit having a plurality of 
inputs to obtain information on power consumption of the circuit responsive to signals applied to 
15 the plurality of inputs. The method also includes deriving at least one power impulse function 
from the information. Each power impulse response of the at least one power impulse response 
is representative of at least one input of the.plurality of inputs. The method also includes 
deriving a transfer function from the at least one power impulse function. 

While particular embodiments of the present invention have been shown and described, it 
20 will be recognized to those skilled in the art that, based upon the teachings herein, further 

changes and modifications may be made without departing from this invention and its broader 
aspects, and thus, the appended claims are to encompass within their scope all such changes and 
modifications as are within the true spirit and scope of this invention. 
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